ORNL/ TM-2000/283 ix EXECUTIVE SUMMARY Polymer composite materials have been a part of the automotive industry for several decades but economic and technical barriers have constrained their use. To date, these materials have been used for applications with low production volumes because of their shortened lead times and lower investment costs relative to conventional steel fabrication. Although glass fiberreinforced polymers dominate the composite materials used in automotive applications, other polymer composites, such as carbon fiber-reinforced polymer composites, show great promise.
These alternatives are attractive because they offer weight reduction potential twice that of the conventional glass fiber-reinforced thermoset polymers used today.
The major thrust of this paper is an examination of the economic viability of polymer composites. The paper also examines how the R&D supported by the U.S. Department of
Energy Office of Advanced Automotive Technologies Lightweight Materials Program is
responding to the needs of the industry, specifically from an economic viability perspective.
Based on a literature review of the cost studies of composites, some general qualitative trends in the economic viability of composites were observed. To date, most of the cost analyses of polymer composites are for body-in-white (BIW) applications because of the significant weight reduction potential these offer. The viability of composites is still predominantly seen in non-structural elements such as the bolt-on exterior panels of today's vehicles, and most composites are glass fiber-reinforced thermoset polymers such as SMC used in niche-market vehicles with annual production volumes of less than 80,000. At a higher annual production volume of 250,000, for example, an evaluation of the most efficient composite monocoque design indicates that the cost of glass fiber-reinforced thermosets and carbon fiber-reinforced thermoplastics are 62% and 76% higher than the conventional steel unibody. Even on a life cycle basis, the cost of polymer composites is estimated to be higher than steel unibodies. For composites to be cost competitive on a part-by-part substitution, improvements are necessary in cycle times and material utilization, which in some cases have been estimated to currently contribute 60% and 21%, respectively, of the total cost of carbon-fiber-reinforced thermoplastics. The material cost plays a key role in the economic viability of polymer composites, particularly at higher production volumes and for carbon fiber-reinforced
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ORNL/ TM-2000/283 x thermoplastics composites. The carbon fiber cost needs to drop by 50% (i.e., $3-$5/lb range) and smaller cost reductions in other thermoplastic materials are needed for the composites to be economically viable.
The U.S. Department of Energy, in partnership with the USCAR's Automotive Composites Consortium is sponsoring research under the Lightweight Materials Program that seeks to overcome the barriers to more widespread use of composites in automotive applications. DOE is attempting to take a comprehensive look at the research needs of the composites industry and has prioritized certain areas such as low cost carbon fiber production, thermoplastic structural composites, and the development of new reinforcement technologies such as the nanocomposite technology. Its research portfolio is appropriately focused both in its ongoing research and its five-year research plan that covers five major areas of barrier, i.e., cost, manufacturability, design data and test methodologies, joining and inspection, and recycling and repair. Although cost reduction is a pervasive factor in all its composites R&D activities, it is appropriate to focus the "cost" area on materials, primarily carbon fiber. To improve the manufacturability of polymer composites, development of high-volume production manufacturing processes should remain one of DOE's research priorities. More research is needed in the areas of carbon fiberreinforced polymer composites for these to be economically viable automotive materials. It is clear that for polymer composites to become the material choice for automakers, an aggressive R&D portfolio should be followed to achieve major breakthroughs that are necessary for several orders of cost reduction.
INTRODUCTION
Polymer composite materials have been a part of the automotive industry for several decades, with early application in the 1953 Corvette. These materials have been used for applications with low production volumes, because of their shortened lead times and lower investment costs relative to conventional steel fabrication. Important drivers of the growth of polymer composites have been the reduced weight and parts consolidation opportunities the material offers, as well as design flexibility, corrosion resistance, material anisotropy, and mechanical properties. Although these benefits are well recognized by the industry, polymer composite use has been dampened by high material costs, slow production rates, and to a lesser extent, concerns about recyclability. Also impeding large scale automotive applications is a curious mixture of concerns about material issues such as crash energy absorption, recycling challenges, competitive and cost pressures, the industry's general lack of experience and comfort with the material, and industry concerns about its own capabilities (Flynn and Belzowski 1995) .
Polymer composite materials are generally made of two or more material componentsfibers, either glass or carbon, reinforced in the matrix of thermoset or thermoplastic polymer materials. The glass-reinforced thermoset composites are the most commonly used composite in automotive applications today, but thermoplastic composites and carbon fiber-reinforced thermosets also hold potential. It has been estimated that significant use of glass-reinforced polymers as structural components could yield a 20-35% reduction in vehicle weight. More importantly, the use of carbon fiber-reinforced materials could yield a 40-65% reduction in weight.
Many R&D efforts are currently underway both within and outside the composites industry, where, for example, the DOE Lightweight Materials Program is working in collaboration with the Automotive Composites Consortium (ACC) to remove existing technological barriers and enhance composites' viability in the automotive marketplace. This paper will address the current use of composites in automotive applications, the challenges for expanded use, and the research to respond to those challenges. The review of the research is limited to that conducted under the U.S. Department of Energy's Office of Advanced Automotive Technologies Lightweight Materials (LWM) Program. The major focus of this paper is to examine the current economic viability of these materials, and, in that context only, to assess on what specific areas ongoing R&D needs to be focused to improve the materials' viability for automotive applications. It is beyond the scope of this paper to examine in detail the ongoing, technical developments or accomplishments made to date outside DOE LWM. Since cost is the focus of this assessment, the published literature about the costs of composites is the basis for reviewing the focus of the DOE LWM R&D program with regard to its ability to further enhance composites' economic viability and for determining further needs for cost modeling.
CURRENT STATUS OF COMPOSITES IN AUTOMOTIVE APPLICATIONS
Today's average automobile is about 8% plastics and composites (i.e., about 245 lbs/vehicle), a small increase from 170 lbs during the mid-1970s (Demmler 1998) . Small, fuelefficient passenger vehicles generally contain more composites relative to their total weight than do larger vehicles, but larger vehicles such as minivans contain more composites by weight.
Composites provide a wide range of potential automotive applications-body panels, suspension, steering, brakes, and other accessories-where the demand varies widely by application. The application of composites is still predominantly in non-structural elements of the vehicle today, and is mostly glass fiber-reinforced thermoset polymers used in niche-market vehicles with annual production volumes of less than 80,000. Sheet molding composites (SMC) predominate composites use for semi-structural applications because they are highly competitive for bolt-on exterior panels such as hoods, decklids and fenders, especially in lowand mid-volume cars and trucks such as Corvette, Dodge Viper, and AP minivans. SMC is one of the processes that offer the potential application of the molded in-color technology, saving cost and emissions of the unnecessary painting operation. About 242 million lbs of SMC were used by automakers in 1999, up 160% in the last five years. By 2003 it will be 315 million lbs-30% more than in 1999-largely because of styling flexibility, technology developments, and weight and cost savings that make SMC an attractive alternative to steel or aluminum (Millerschin 1999) . Of 1998's total body panel market, composites enjoyed a share of 6%, aluminum 3%, and steel 91% in terms of total material consumption (James 1999) . Some existing, specific SMC applications include fenders of the GMT 800 Chevrolet Silverado and F-350, and as cowl in Toyota Sienna. Ford is using a glass-fiber composite for a one-piece cargo area for its Explorer Sport Trac SUV/PU hybrid (Defosse 1999 ).
In addition to body panels, the current, limited automotive applications of composites include bumper systems, instrument panels, leaf springs, drive shafts, compressed natural gas fuel tanks, intake manifolds, wheel covers, valve covers, fascia supports, and cross vehicle beams. For example, the share of composite drivetrain components used in 2000 model year passenger cars was only 6% of total composites used (ACA 2000) . There have been only a few body-in-white composite applications to date. For example, the most efficient monocoque design was used in the very-low-production volume Consulier sports car and a composite variation on the Ford Taurus as a developmental technology.
Fiber-reinforced thermoplastics have the typical advantages of polymer matrix composites such as high weight savings, high strength, high stiffness, corrosion resistance, parts integration, and energy absorption. In addition, they have an indefinite shelf life, are recyclable, and are feasible for automated, high volume processing with a potential for rapid and low-cost fabrication. However, thermoplastic use is very limited today because of a lack of dimensional stability and low heat distortion temperatures not suitable for e-coat ovens used in existing assembly plants. The most used thermoplastics are glass filled thermoplastics developed for a variety of applications from intake manifolds to engine covers, and to a lesser extent for body Carbon-fiber composites are an alternative to glass-fiber composites because they are stiffer and therefore have better potential for structural applications. They can also be made lighter than their glass-reinforced counterparts, providing a significantly higher weight-savings potential. Carbon fiber composites' most significant use to date has been in concept cars, e.g., about two decades ago by Ford Granada and relatively recent the 1991 Ultralite by General Motors. The automaker BMW has recently announced its plan of making lightweight carbon-fiber-reinforced car bodies under production conditions by 2005, by using in its recently unveiled Z22 concept vehicle, the full-sized passenger vehicle based on the 528i sport wagon (Miel 2000) . The concept vehicles, P2000 and ESX2-developed by Ford and DaimlerChrysler, respectively, to meet the Partnership for a New Generation of Vehicles' (PNGV) goal of producing vehicles three times more fuel efficient than current vehicles-are expected to contain 8 lbs and 24 lbs of carbon fiber, respectively. Primarily because of cost, carbon fiberreinforced polymer composites have not been considered as the leading near-term structural material by the PNGV.
COST STRUCTURE OF COMPOSITES
This assessment of the current viability of composites in automotive applications is based on the very limited cost information currently available. The specific cost estimate provided for a given manufacturing technology should not be generalized for that technology. Each cost estimate is based on many underlying assumptions, both technical and economic; the degree of overall cost sensitivity to these assumptions will vary across different technologies. The use of different sources of information also poses a problem in the consistency of input assumptions made for the cost estimation. The information drawn from various sources in the literature and used in this assessment does not allow one-to-one comparison among various manufacturing technologies for a part application; it does, however, allow one to assess general, qualitative trends and to identify major barriers to the economic viability of composite technologies.
Most of the cost studies done to date have examined body-in-white (BIW) designs to demonstrate the economic viability of composites in automotive applications. The monocoque BIW design of composites has been found to be cost effective only because parts consolidation results in only a small number (~2-20) of relatively large parts. Figure 1 shows a recent study's cost comparison of two composite monocoque BIW designs (i.e., glass fiber-reinforced thermoset and carbon fiber-reinforced thermoplastic) against the conventional steel unibody for an annual production volume of 250,000 parts (Dieffenbach 1996a) . From the cost perspective, these two composite cases provide the two extreme points. Other cases, such as glass fiberreinforced thermoplastics and carbon fiber-reinforced thermosets, will lie between them. This study estimated the costs of glass-and carbon fiber-based composite monocoques to be about 62% and 76% higher than conventional steel unibody (Figure 1) . The study on which the figure is based assumes the cost of carbon fiber to be $10/lb. Another study has estimated the cost of carbon fiber-reinforced moncoque thermosets to be in the range of 41-73% higher than the steel unibody, depending on the type of tooling used (Mascarin et al. 1995) .
The main factors affecting the economic viability for the composite vehicles today are the cycle times of glass-reinforced thermosets and the material cost of the carbon fiber-reinforced thermoplastics. The cost comparative study of two composite monocoque BIW designs as discussed above indicates that the material cost contributes 60% of the total cost of carbon fiber-reinforced thermoplastics but only 29% for glass fiber-reinforced thermosets, as shown in Figure 1 . Labor is the second largest contributor to cost, accounting for about 35% and 21%, respectively, of the cost of carbon fiber-reinforced thermoplastics and glass fiber-reinforced thermosets. The lower labor and tooling cost for the carbon fiber-reinforced thermoplastics design considered in that study results from assumed parts consolidation that makes fenders, roof, and quarter panels integral to the upper body shell and not require additional molding operations as well as higher molding rates offered by thermoplastics. The total number of pieces assumed in this study is 76 for carbon fiber-reinforced thermoplastics versus 81 for glass fiberreinforced thermosets. The glass fiber-reinforced thermoset composites use an entire set of SMC panels. However, lower labor and tooling costs are not large enough to offset carbon fiberreinforced thermoplastics' higher material cost. Table 1 compares the costs of various BIW designs considered in the study on a $/lb basis (as opposed to the cost comparison in Figure 1 , which are based on a given part). These estimates allow one to make a rough cost comparison of the technologies for any part by applying the appropriate weight reduction that the given part can provide. On the basis of unit weight alone (not taking into account the weight savings potential that is projected to be 22% and 48% for glass fiber-reinforced thermosets and carbon fiber-reinforced thermoplastics, respectively in this study) the cost of a composite monocoque is estimated to be 2-3 times higher than the steel unibody. The difference results primarily from higher material and labor costs. The last column in Table 1 indicates the value of weight savings for the BIW application, expressed as the ratio of the part's cost difference to its weight savings with the steel unibody as the baseline. Because of their higher weight savings potential, carbon-fiber thermoplastic composites look favorable compared to glass-fiber thermoset composites. The value of weight savings of carbon-fiber thermoplastic composites lies within a range of $1.00-$4.00/lb, commonly accepted by the automotive industry, where the actual value depends on the application. The value of weight savings is a true measure of the cost effectiveness of a technology, as the range accepted by the industry has been estimated based on life cycle fuel savings resulting from primary and secondary weight savings that lightweight materials provide.
A recent economic analysis examined two representative continuous fiber-reinforced thermoplastic composite parts (i.e., a body panel and a structural wing having weight reduction potential of 42% and 57%, respectively) made of polyamide (nylon-12)-reinforced with 50 volume % glass fiber (Hartmann 1998) . The analysis indicates that even with optimizing processing technology that reduces costs by 30-40%, the economic viability of thermoplastic * The value here is the ratio of the part's cost difference to its weight savings, with the steel unibody as the baseline Source: Dieffenbach et al. (1996a) composites remains a concern. The cost of materials always is a long-term major obstacle to additional improvements, as the materials contribute more than 50% of total cost even for a production volume greater than 100,000 parts/year.
Another study comparing the cost-effectiveness of thermosets and thermoplastics for underhood powertrain applications concludes that thermoset processes (especially Bulk Molding
Composites, which are less expensive than SMC) have a clear cost advantage over thermoplastics depending on part configuration and complexity (Wzorek and Palmer 1998) .
Since material cost is by far the largest component of manufacturing cost, at least for medium to large part sizes, compression and injection of thermoset resins should always have the cost advantage for underhood powertrain applications (Wzorek and Palmer 1998) . Similarly, a cost assessment of front apron automotive part production using two specific liquid composite processes (i.e., RTM and SRIM) indicates that at low and high production volumes, respectively, material cost accounts for 22% and 38% of the total manufacturing cost (Ladewig and Wilson 1993) .
As composites have lower fixed costs but higher variable costs, they are competitive at a lower production volume in certain automotive applications. For example, at an annual production volume of less than 55,000 units, the composite monocoque was estimated to be competitive with the conventional steel unibody (Mascarin et al. 1995) . At low volumes, fixed investment costs dominate the total because there are relatively few parts over which to spread the investment. As a result, low investment parts tend to cost less than high investment parts, often regardless of other factors such as material price and production rate. At higher volumes, material price tends to dominate as the investment cost is spread over a large number of parts.
Thus, low material-price parts tend to cost less than high material-price parts, again regardless of other factors. All else being equal, slower production rates tend to reduce the difference between costs for a part at low and high volumes as the effect of investments diminishes. This occurs because of the increased frequency with which new investments must be made to keep up with the target production volume.
Only a few studies have examined the life cycle cost of composites, taking into account the fuel efficiency composites provide during the vehicle operation stage due to light weighting. A life cycle cost comparison between a conventional steel unibody and composite monocoque BIW indicates that composite monocoque has a 12% higher cost than the former (Mascarin and Dieffenbach 1993) . The manufacturing cost forms a major share of total life cycle cost, contributing 53% and 63% of total for the steel unibody and composite monocoque, respectively, considered in this study. Even at the level of total life cycle cost, the manufacturing cost of composites remains an issue of concern for its competitiveness in the automotive marketplace. It has been estimated that the annual production volume at which the composite monocoque becomes competitive is higher on a life cycle basis, i.e., 75,000, but not a substantial increase from a value of 55,000 when considered from the manufacturing cost perspective (Mascarin et al. 1995) . The following paragraphs will delve into further details about the various cost components, i.e., raw material, fabrication using various composite molding processes, and, finally, assembly.
RAW MATERIAL
As discussed above, the major barriers to the use of composite materials in automotive applications today is the raw materials cost, particularly for carbon fiber-reinforced composites.
The plastic resin mixtures cost between $1 and $10 per pound, and glass fibers starts around $1
per lb compared to only $0.40/lb for steel. Thermoset materials are generally half the cost of thermoplastics, $0.75-$0.90/lb for SMC and BMC compared to $1.70/lb for glass-reinforced thermoplastic material. It is estimated that the cost of SMC must approach $0.50/lb to be competitive with steel for large-scale body panel applications (Behling 1999) . It is this high cost of raw material which makes glass fiber polymeric composites' price competitive with aluminum or steel only in certain applications such as in complex shapes that are prohibitively expensive to form from metal.
The cost of the carbon fibers dominates the raw material cost of composites, for example, it accounts for over 80% of the total cost at a fiber loading of 41% by weight for carbon fiberreinforced thermoplastics considered earlier in Figure 1 . To be competitive with the conventional steel unibody, it is estimated that the cost of carbon must be $7.50/lb if used at 16% volume (i.e., a volume 50% less than glass fibers) (Dieffenbach 1996a) . If more carbon fibers are needed, i.e., 25% volume (or 20% less than glass fibers), then the carbon fiber price was calculated to be $1/lb for carbon thermoplastics to be competitive. A sensitivity analysis was undertaken to examine the effect of carbon fiber cost only (keeping original 31 vol% fiber content and other variables unchanged) on the carbon-reinforced thermoplastics monocoque cost (considered in Figure 1 ) as shown in Figure 2 . The figure shows what effect R&D that reduces carbon fiber cost can have on the economic viability of the carbon-reinforced thermoplastics monocoque. It is estimated here that for the specific body-in white designs considered here, the carbon fiber cost needs to be $1.56/lb for the carbon-reinforced thermoplastics monocoque to be competitive with the steel unibody, and $8.43/lb for it to be competitive with the glass-reinforced thermosets monocoque. Achieving the PNGV's target cost of $3/lb of carbon fibers in large scale automotive applications-$5 less than current costwould significantly reduce the cost differential between the steel unibody and carbon-reinforced thermoplastics monocoque considered in this study from 76% to 13%. It is projected that a target cost of $3/lb would make carbon fibers a viable alternative for many large-scale automotive applications. Similarly, a recent study indicates that if the costs of carbon fiber and epoxy prepreg (65% fiber and 35% resin) can be brought below $5/lb, then there is a huge, real intermediate-term
demand.
The demand is estimated to be 750 million to 1 billion lbs of prepreg-or 487.5 to 650 million lbs of carbon fiber-per year within the next decade, compared to a worldwide carbon fiber capacity of less than 85 million lbs today (AMCN 1999). However, it is anticipated that the use of prepregs in automotive applications will not be viable for a large production volume.
Carbon fiber production is slow, capital intensive, and technically challenging. Processing costs are therefore dominated by throughput considerations. As shown in Figure 3 , the carbon fiber cost breakdown by major categories indicates raw material (i.e., precursor) costs contribute the most-44% of the total. The second largest contributor is capital cost, at 21% of the total cost. Capital costs are similar to material costs when capital costs include the maintenance, insurance, and taxes on the physical plant. It is the high processing temperature that causes carbon fiber production to be so capital intensive. Economies of scale for carbon fiber production are generally achieved at a production volume of 1,000 tonnes/year but are not enough to lower the cost for large-scale commercial applications (Dieffenbach et al. 1996b ).
Major changes in processing speed and throughput rates (including at the prepreg stage) are needed to achieve necessary cost reductions. Cohn and Das (1999) Microwave processing of carbon fibers, which could reduce fiber costs by 20% mainly by lowering capital cost, is being investigated by ORNL (Cohn et al. 1999) . Another area that could offer significant cost reduction potential is the precursor cost, where current R&D is looking at ways to inexpensively produce precursor materials, e.g., using textile-type acrylic fibers, or fibers produced in-house or by a special single-source or generic multiple sources. It is also essential to develop different grades and combinations of carbon fiber resins for automotive applications that are less costly than current aerospace-grade composites.
FABRICATION
The choice of a specific fabrication method depends on the costs and on the technical requirements of the component to be produced. In order to guarantee economic production, methods with a high throughput are absolutely necessary. High throughput can be achieved by means of low clock times or by means of high integrative parts. Table 2 compares the most commonly used composite fabrication processes available today, addressing their advantages, disadvantages, and cycle time. The use of prepregs, which are reinforced with carbon or glass in fiber and fabric forms coated with epoxy resins, may be suitable for only limited automotive applications because of lower productivity. One of the chief obstacles in the way of achieving higher production volumes for structural composites is the time at the preforming stage required to place complex, properly oriented reinforcement in the molding tools. This requirement results in long cycle times, high labor cost, and low productivity of the molding tool investment. A recent study indicates that the cost of preforms contribute about 35% to the total composite BIW cost, compared to 50% for molding and 15% for assembly (Mascarin 2000) . Some of the approaches that are used for making preforms are specially knit fabric designed to drape properly for a given component; braided reinforcement over molded foam cores; multiple ply vacuum preforming; and robotically applied chopped fibers known as P4 process (discussed later). Of the major vertical body panels market shared by composites today, SMC enjoys 71%
share, RIM 7%, and various thermoplastic materials 22%. One of the reasons for the popularity of SMCs is that they fit well into the existing sheet metal manufacturing and assembly processes and have lower tooling costs, lower capital investment, and reduced capital requirements as compared with steel. Due to lower fiber content, random fiber orientation, and low structural quality, high productivity processes such as SMC and BMC are not suited for the production of It has been reported that composite tooling combined with electron beam curing at high production volume allows a rapid cycle times and lower tooling investment, bringing total manufacturing costs of a composite monocoque to 22% less than that produced by nickel shell tooling (generally less expensive than steel) (Mascarin et. al 1995) . Except for its difficulty in directly producing Class A surfaces and durability, composite tooling could be the best choice for high-volume applications on a manufacturing cost basis alone because soft tooling (i) is cheap to produce, (ii) can be fabricated quickly, and (iii) is compatible with rapid curing technologies, reducing the number of parallel fabrication lines for a given production volume (Mascarin et al. 1995) .
For composites to be cost-effective for a wider range of automotive applications, large-scale volume of at least 50,000 units per year-or possibly an order of magnitude higher-is necessary. Although this production scale can be achieved for nonstructural parts, processing technologies for reinforced plastics are better suited to lot sizes of hundreds or thousands rather than hundreds of thousands. The cheapest way to attain cost effectiveness will be to speed up the process, making more parts with the same equipment. However, the manufacturing processes for reinforced polymer-based materials are not amenable to this kind of straightforward scale-up.
The polymer processes are inherently slower, taking about a minute or more for plastic parts the size of automobile body panels, compared to less than 10 seconds for stamped steel parts. The cycle time is a function of the complexity and size of the part, as well as resin rheology. The rate of chemical reactions (if too high then difficult to control) or the rate of heat transfer (too rapid cooling results in brittleness) cannot be increased. So, the only alternative is having the multiple machines. However, this would then offset the capital advantage of plastic production and increase administrative overhead.
ASSEMBLY
The contribution of assembly cost to the overall part fabrication cost is estimated to be comparatively low. Comparing the relative contribution of each cost component to the total cost for the BIW designs considered here (earlier in Figure 1) indicates that the cost of assembly using adhesive bonding of composites forms a relatively small share-about 18%-of the total cost, particularly in the case of polymer composites ( Figure 5 ). In comparison, assembly of the steel unibody accounts for about 28% of the total cost. Due to the relatively smaller cost contribution, the effect of a reduction in assembly time from 30 minutes to 5 minutes, which might come from an alternative bonding approach, has been found to be relatively weak in the BIW designs considered here (Dieffenbach 1996a) . However, for the specific BIW designs considered in this study as discussed in Figure 5 , this reduction in assembly time would help in getting the cost of composite monocoque BIW within $500 of the conventional steel unibody BIW. Although it may seem that the potential of parts consolidation in composites will facilitate lower overall cost, it has been found that the saving in assembly cost is more than offset by drastically increased fabrication cost resulting from the greater up front preform and material setup times (Dieffenbach and Busch 1991) . Accordingly, it is important that advanced assembly joining techniques be developed. The use of faster curing methods such as light, microwaves, or electron beams will help to reduce the cost by raising throughput. Table 3 are supported fully by DOE, whereas, some are by both DOE and ACC. The level of ACC support varies by project, anywhere from in-kind support to direct funding. Further details of these projects can be found in the composite materials five year plan (Warren 1999b) . To meet DOE's more aggressive weight reduction goal-increasing from a goal of 50% weight reduction in body and chassis components by 2004 to a value of 60% by 2011-the focus of the Program is now shifting from glass-reinforced to carbon-reinforced composite materials. The following paragraphs discuss in detail the major ongoing projects as well as those planned for during the next five years under those five major areas (Warren 1999a (Warren , 1999b . The needs that each project and is done only to show the level of interest in a particular technology area.
CURRENT DOE RESEARCH ON AUTOMOTIVE COMPOSITES

COST
Reducing the cost of manufacturing automotive structural components from lighter weight composite materials so that they are competitive with the component (including life cycle) costs of other materials is the major focus here. Although cost reduction is a pervasive factor in all composites R&D activities, most of the activities in this area are related to materials, the major factor affecting the viability of composites in automotive applications today.
As seen in Figure 1 , primary resin and fiber costs present the single greatest barrier to the use of composite materials in automotive applications. Carbon fiber precursors are too expensive, and precursor processing methods are too slow and costly. Most of the ongoing DOE activities related to cost are focused on carbon fiber, where the goal is to lower the cost of high-filamentcount carbon fiber from a current price of $7 -8 per pound to around $3 -5 per pound. This cost reduction goal has gained considerable attention since the DOE focus shifted from glassreinforced composite materials to carbon-reinforced composites. Current research in carbon fiber seeks to use new classes of lower cost precursors and provide the tools for scaling up precursor volumes. Alternate methods for processing precursors into carbon fibers, such as the use of textile-type precursors, also are being pursued. Experimental fibers, referred to as vapor grown, also have been made by chemical vapor deposition. During the next five years, the focus will continue to be on low cost precursor development, early oxidation processing, later oxidation, carbonization and graphitization, and a user's facility for the technology deployment processing line. Development of technologies for continuously monitoring and automatically adjusting processing conditions for the manufacture of carbon fiber is also being planned.
Within five years, DOE will also investigate several other areas to reduce the material cost. A structural thermoplastic system will be developed, having properties equivalent to or better than thermoset systems which are melt recyclable, hot formable, and more repairable at equal or lower cost. In addition, advanced design concepts that take into account significant parts consolidation, lower cost tooling, and the use of multiple materials also will be explored. The use of nanocomposite reinforcing additives in the 20% to 40% range to stiffen and strengthen the resin matrix will also be studied.
MANUFACTURABILITY
Methods for high-volume production of automotive components from lightweight materials have not been adequately developed. Composite processing technologies need to be developed that yield the required component shape and properties in a cost-effective, rapid, repeatable, and environmentally conscious manner. For instance, technologies for high-rate forming and molding of composites for large structural components and high-volume production of continuous fiber preforms are needed.
It is essential that high-rate preforming techniques be developed to obtain chopped-fiber preforms with consistent fiber distribution and density at the volumes required by the automotive industry. DOE has supported the development of a process that is undergoing demonstration testing. The programmable power preform process, known as P4 or the Owens Corning (OC)
Preformable System, involves choppers mounted on robots that spray short strands of fiber onto a screen to make a preformed shape. Once the preform is made, it is lifted out and placed in a mold where the preform is injected with a liquid resin that solidifies to make a completed composite part. With the OC process, a large part such as pickup truck box can be made every four minutes. Because glass roving is used for the glass-reinforced composites, material costs are 40% less than they would be if strand mat were used (Chavka and Dahl 1999) . The preform process seeks to demonstrate that large, complex components can be cost-effectively manufactured with reduced cycle times. It is this process that GM has chosen for its Silverado truck cargo boxes.
Adaptation of the P4 process to the carbon fiber application is currently being planned by DOE. For this, it is necessary to develop low-cost, PAN-based carbon fiber rovings that exhibit processing characteristics (both preforming and molding) similar to the currently available glass fiber rovings. This process is already being used with carbon fiber in an evaluation program sponsored by the Air Force for aerospace structures (Reinhart 1999) . Compared to conventional composite fabrication methods (e.g., hand lay-up, hat stiffeners), the P4 process may reduce costs as much as 85% for composite aerospace components.
Many new technologies are being developed for high-volume production of both thermoplastic and thermoset composite materials. DOE is focusing on the high rate forming processes for shaping carbon fiber-reinforced thermoplastic impregnated composites into automotive shapes. During the next five years, the DOE will focus on the development of rapid curing technologies, molding technologies, and non-liquid molding technologies. Outside of DOE LWM, others also are focusing on processing technologies-one rapid, non-thermal curing method that shows considerable promise is electron beam processing, which is several times faster than standard processing (Cleland 1999) . While continuing with the development of an advanced thermoplastic composite forming process, DOE will explore alternate forming technologies, such as non-liquid molding processing technologies including pultrusion and extrusion of continuous and non-continuous carbon fibers. To enhance processability, technologies for altering the surface properties of carbon fiber are also planned for development.
In addition to specific research tasks relating to the manufacturability area, there are composite intensive body-in-white that offers a minimum of 60% weight savings over steel, at or better than cost parity with steel, while meeting manufacturing, assembly, crash, and performance targets.
DESIGN DATA/TEST METHODOLOGIES
One of the major challenges for the commercialization of polymer composites is the lack of adequate design data (e.g., material property databases), test methods, analytical design tools (i.e., models), and durability data. DOE is focusing on the development of enabling technologies and property data to predict the response of materials in a given structural design after long-term loading, under exposure to different environments, and in crash events.
Research is underway and predictive models are being developed to build understanding of and predictive capability to assess the effects of low-energy impacts, creep, fatigue, automotive fluids, temperature extremes, and the synergistic effects of environmental factors on materials.
Technologies are being pursued to develop design methodologies and material use philosophies that take advantage of the positive properties of composite materials while minimizing the effects of their less desirable properties. DOE is also investigating long-term environmental durability, test methodologies, design rules and design methodologies for carbon-fiber-based composite systems that can be used to produce large structural components. Development of equipment and methods for short-term durability testing of composite materials is also under consideration. These methods are being validated by joint DOE/ACC focal projects (as discussed in detail under Sect. 4.2) that develop production prototype test articles that represent automotive structures and subsystems.
Theoretical and computational models are being developed for predicting energy absorption and dissipation in automotive composites. These models are tools designers need to minimize component weight while maximizing occupant safety. Modeling technologies for predicting crash behavior both at the level of material as well as composite structure are in the DOE fiveyear research portfolio. Also during the next five years, DOE will develop advanced design methodologies and test specific crash zones and zone design technologies for incorporating energy absorbing zones and materials into primary automotive structures. Experimental and analytical studies will be conducted to develop and validate methods that predict the crash performance of bonded and mechanically fastened structures.
JOINING AND INSPECTION
High-volume, high-yielding technologies for joining composites to each other and to metal structures in an automotive assembly environment do not currently exist but are being developed.
Current efforts concentrate on adhesive formulation, modeling, and processing. Significant work is being conducted to understand the synergistic effects of environmental stressors on adhesive joint integrity. The next five-year research focus is on the development of non-adhesive joining techniques such as chemical bonding of thermoset composites and the joining of carbon fiber based composites to a variety of materials.
Fast, reliable, and affordable methods to test bond integrity and assembled structures are needed. DOE is currently investigating adhesive joining test methods and design procedures, including long-term load history and environmental durability. Methods for evaluating bond integrity are being developed that are able to qualify and quantify bond strength. These methods need to be robust enough for a manufacturing facility, fast enough for a production line, and reliable enough to ensure passenger safety. Current techniques include laser shearography, thermography, and vibrational excitation. DOE is primarily focusing on the development of nonacoustic, non-destruction evaluation (NDE) techniques for adhesive joints, but later will refocus on non-adhesive joints using carbon fiber-reinforced plastics and aluminum.
RECYCLING AND REPAIR
One of the major drawbacks in the use of composites for automotive applications is that technologies for cost-effective recycling and repair of advanced composite materials do not exist.
Cost-effective methods for the separation and recycling of composite materials into high-value applications, as opposed to using them only as filler, need to be developed. Methods are being pursued for separating glass and carbon fiber from thermoset and thermoplastic resin systems.
Efforts are also underway to identify alternate uses for post-consumer automotive grade composites. The ongoing DOE project in this area focuses on the determination of the technical and economic feasibility of recycling carbon-fiber-reinforced composites, considering various processes for separation and recovery involving both thermoset and thermoplastic matrix substrates. A verification of recovery processes at the pilot scale and establishment of design guidelines for compatible plastic types that can be recycled into new products are also in the five-year plan.
Most of the DOE work in the area of composites repair is related directly to the projects being supported in the joining area, as discussed earlier under Sect. 4.4. Robust methods for rapidly and reliably repairing composite structures are needed. The economic viability of repair will be dictated by the cost-effectiveness of joining vs. replacement of components.
CONCLUSIONS
The polymer composites in automotive applications today are glass fiber-reinforced thermoset polymers used mostly in non-structural parts of the vehicle especially for low-and mid-volume cars and trucks. Fiber-reinforced thermoplastics and, especially, carbon fiberreinforced thermosets show great potential, the latter having twice the weight reduction potential of glass fiber-reinforced thermoset polymers. Fiber-reinforced thermoplastics share the advantageous properties of polymer matrix composites and are also recyclable, have indefinite shelf life, and feasible for automated, high volume processing with a potential for rapid and low cost fabrication. The cost is the single most major barrier for the limited application of polymer composites in automobiles today.
Most of the cost studies of polymer composites are for body-in-white (BIW) applications because of the significant weight reduction potential BIWs offer. On a $/lb basis, the cost of polymer composites is about 2-3 times higher than steel, but a recent study comparing the composite monocoque designs indicates that the cost of glass-fiber-reinforced thermosets and carbon-fiber-reinforced thermoplastics are about 62% and 76% higher than the conventional steel unibody. However, because of the higher weight reduction potential of, the value of carbonfiber-reinforced composites' weight savings lies in the range of $1.00-$4.00/lb. Even on a life cycle basis, the cost of polymer composites is considerably higher than steel unibodies. The major cost-contributing life cycle stage is manufacturing, which includes material costs. To be cost competitive on a part-by-part substitution, cycle time and material utilization must be improved. The material cost plays a key role, particularly at the higher production volume and for carbon-fiber-reinforced thermoplastic composites. For the application in structural components where the weight savings potential is less than for the body-in-white, even larger reduction in the material cost would be necessary. The cost of carbon fiber needs to drop by 50% (i.e., to the $3-$5/lb range) and smaller cost reductions in other thermoplastic materials are needed for the material to be economically viable on a life-cycle basis.
The need for a shorter cycle time for a typical composite molding process is a challenging one. Short cycle times achieved by faster cure times may result in products with a shorter shelf life and lower quality. Shortening cure times may not be a feasible option, and strategies to determine the most suitable processing method for a given application are needed. Multiple, parallel production lines could be used to improve the viability of polymer composite manufacturing processes for the high-production-volume applications. Although parallel lines may reduce the capital advantage of polymer composites, a significant reduction in material cost and further integration and combination of parts in the design will improve composites' overall economic viability. Further cost studies are warranted to assess the validity of this approach.
Similarly, studies are needed to evaluate the current economic viability and research needs for the use of carbon-reinforced-polymer composites in structural applications. To expand the automotive market for fiber-reinforced thermoplastics necessitates optimizing both the materials and their processing technology to achieve a significant improvement in economic performance.
It is a certainty that cost-effectiveness of mass-produced composite components can only be achieved by using low-cost, high-reliability materials, new high-speed processing techniques, and new structural design approaches that are tailored for fiber-reinforced polymer materials.
DOE, in partnership with the USCAR's Automotive Composites Consortium (ACC), is sponsoring research under the Lightweight Materials Program that seeks to overcome the barriers to more widespread use of composites in automotive applications. DOE is attempting to take a comprehensive look at the research needs of the composites industry and has been emphasizing areas such as thermoplastic structural composites and the development of new reinforcement technologies such as nanocomposite technology. Its research portfolio is focused on the five major areas of barriers, i.e., cost, manufacturability, design data and test methodologies, joining and inspection, and recycling and repair. Its shift of emphasis to carbon-fiber-reinforced polymer composites from glass-fiber-reinforced polymer composites is appropriate to achieve its and the industry's aggressive weight reduction goal. Although cost reduction is a pervasive factor in all its composites R&D activities, it is appropriate to focus the "cost" area on materials, primarily carbon fiber. Since the fiber-reinforced thermoplastics show great potential for automotive applications, more research devoted to reducing their material cost is needed. To improve the manufacturability of polymer composites, development of high-volume production manufacturing processes that reduce cycle times should remain a DOE LWM research priority.
Projects like the development of the P4 high-rate preforming technique that has demonstrated a significant reduction in cycle time should be pursued. It is also important that more emphasis be put on the manufacturability of carbon-fiber-reinforced thermoplastics materials that show a great potential for high performance structural automotive applications. The focal projects, centered on specific classes of materials using nonproprietary components, considered as a part of validation activities are demonstrating program goals and reducing the lead time to bring the new technology into the marketplace.
Although the other three areas of DOE research activities, i.e., design data/test methodologies, joining and inspection, and recycling and repair, have a less direct bearing on the cost, they are also important for the overall economic viability of composites. Design methodologies, materials use philosophies, and durability data that will enhance material choice need to be developed. Improving material choice improves the economic viability of the class of materials. Economic viability assessments of composite joining and inspection technology is needed to determine whether reduced assembly costs (from parts consolidation) offsets the higher manufacturing cost (of large parts). The recyclability of thermoplastics shows a great promise, but DOE must continue the development of cost-effective means of recycling, including the separation of fibers from the resin matrix material. It is clear that an aggressive R&D portfolio should be followed. Several orders of cost reduction resulting from major breakthroughs are needed before composites become the material of choice for the automakers.
Until then, composites' application will continue to be seen in low-volume, niche market vehicles.
